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Edited by Irmgard SinningAbstract CysA, the ATPase subunit of a putative sulfate
ATP-binding cassette transport system of the gram-positive ther-
moacidophilic bacterium Alicyclobacillus acidocaldarius, was
structurally characterized at a resolution of 2.0 A˚ in the absence
of nucleotides. In line with previous ﬁndings on ABC-ATPases
the structures of the two monomers (called CysA-1 and CysA-
2) in the asymmetric unit diﬀer substantially in the arrangement
of their individual (sub)domains. CysA-2 was found as a physio-
logical dimer composed of two crystallographically related
monomers that are arranged in an open state. Interestingly,
while the regulatory domain of CysA-2 packs against its oppos-
ing domain that of CysA-1 undergoes a conformational change
and, in the dimer, would interfere with the opposing monomer
thereby preventing solute translocation. Whether this conforma-
tional state is used for regulatory purposes will be discussed.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The family of ABC transport systems comprises a diverse
class of transport proteins that couple the translocation of sol-
utes across biological membranes to the free energy of ATP
hydrolysis. Members of the family have been identiﬁed in
organisms belonging to each of the three major kingdoms,
some of them with medical relevance [1].
ABC transporters share a common architecture comprising
two variable hydrophobic transmembrane domains (TMDs)
that form the translocation pathway and two conserved hydro-
philic ABC-ATPases that hydrolyze ATP. Each ABC-ATPase
basically consists of a nucleotide-binding domain that is builtAbbreviations: CysA, putative Alicyclobacillus acidocaldarius sulfate
ABC transporter; MalKeco, E. coli maltose ABC-ATPase; MalKtli,
Thermococcus litoralis maltose ABC-ATPase; GlcV, Sulfolobus solfa-
taricus glucose ABC-ATPase
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doi:10.1016/j.febslet.2005.04.017up of a catalytic subdomain harboring the Walker A, Walker
B and H motifs and a helical subdomain that contains the
ABC signature motif LSGGQ and the so-called Q-loop [2]
(Fig. 1(a)).
The ATP driven translocation mechanism of this protein
class is still not well understood at an atomic level despite mul-
tiple biochemical and structural investigations [2,3]. X-ray
structures are available from three complete ABC transporters,
BtuCD of Escherichia coli [4], MsbA of E. coli [5] and Vibrio
cholerae [6] as well as from several nucleotide-binding (ABC)
domains (ABC-ATPases) [2,3]. ABC-ATPases of members of
the CUT1 and MOI subfamilies [7] contain an additional C-
terminal (regulatory) domain that might be involved in regula-
tory processes. MalK [8] and Sulfolobus solfataricus glucose
ABC-ATPase (GlcV) [9] belong to this group. ABC-ATPases
revealed a pronounced conformational variability concerning
the arrangement of the (sub)domains within one monomer
and how the two monomers are assembled to form the physi-
ologically relevant dimer.
We have focused on a putative sulfate ABC transporter of
the gram-positive acidothermophilic bacterium Alicyclobacil-
lus acidocaldarius [10]. The heterotetrameric CysTWA protein
complex belongs to the MOI (mineral and inorganic ions) sub-
family [7] and is composed of the transmembrane subunits,
CysT (29 kDa) and CysW (30 kDa), and two copies of the
ATP-binding subunit, CysA (40 kDa). CysA (putative Alicy-
clobacillus acidocaldarius sulfate ABC transporter) displays
highest sequence identity to putative sulfate ABC transport
proteins ofMesorhizobium loti (43%), Geobacter sulfurreducens
(41%), and Bacillus clausii (41%). In the presented work we de-
scribe the structure of CysA in comparison to other members
of the ABC-ATPase family and discuss its implication for a
potential regulatory process.2. Materials and methods
2.1. Overproduction and puriﬁcation of CysA
The cysA gene (Accession No. CAB65650) was cloned from genomic
DNA. For overproduction cysA was inserted as a BspHI–SalI frag-
ment into expression vector pQE9 (providing an N-terminal His-tag;
Quiagen, Germany) previously linearized by digestion with NcoI
(partial) and SalI. The resulting plasmid pFSA13 was transferred into
the E. coli strain JM109. Cells were grown in LB (Luria–Bertani) med-
ium at 30 C to A650 = 0.3, then IPTG (0.5 mM) was added to induce
cysA expression and growth continued for 4 h. Subsequently cells wereblished by Elsevier B.V. All rights reserved.
Fig. 1. Structure of CysA: (a) Ribbon diagram of the CysA monomer. The catalytic subdomain of the nucleotide-binding domain is shown in purple,
the helical subdomain in red, the linker region in yellow and the regulatory domain in blue (distal b-sandwich) and royal blue (proximal b-sandwich).
The location of conserved sequence motifs is indicated by capital letters: Walker sites (A,B), D-loop, Q-loop, ABC signature (LSQ), and H motif.
(b) Stereo representation of the CysA-2 dimer found in an open state. The monomers were shown in blue and red. For comparison CysA-2 was
superimposed with the MalKeco(open) structure at the front side (red) and with the MalKeco(close) structure at the back side (green). In addition, the
regulatory domains of the CysA-1 monomers are shown in yellow after superimposing with the catalytic domain. Figs. 1 and 2 have the same
orientation and were generated using BOBSCRIPT [32].
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ultracentrifugation the soluble fraction containing CysA was bound
to a cation exchange resin (SP–Sepharose fast ﬂow, Amersham–Phar-
macia) and eluted with 0.1 M NaCl. The pooled fractions were then
applied to Ni-NTA chromatography yielding about 20 mg of puriﬁed
protein per 1 l culture. The protein was concentrated up to 20 mg/ml in
50 mM Tris–HCl, pH 7.5, 250 mM NaCl, 5 mM MgCl2 and 5% glyc-
erol by ultraﬁltration (Amicon, YM30, Millipore, Bedford) and centri-
fugation through VivaSpin columns (cut oﬀ: 30 kDa; Vivascience,
Hannover, Germany). Selenomethionine-labeled protein was produced
using the method of metabolic inhibition [11]. Functionality of CysA
was investigated by determining its intrinsic ATPase activity [12]. Max-
imal velocity of ATP hydrolysis of 11 lmol Pi/min/mg with a Km,ATP of
1.4 mM was found at a temperature of 60 C, as expected, and at pH
7.5 [9].2.2. Crystallization and X-ray structure determination
Native and selenomethionine-labeled CysA could be crystallized
with the hanging-drop vapor diﬀusion method at a temperature of
18 C. Most suitable crystals grew from 1 ll protein solution
(7.5 mg/ml) and 1 ll reservoir solution containing 5–7% PEG 4000,
5% isopropanol and 0.1 M sodium citrate, pH 5.6. The crystal reached
a size up to 0.08 · 0.25 · 0.35 mm3. Data of native and selenomethio-
nine-labeled CysA were collected at the ID14-4 and ID29 beamlines in
Grenoble and processed with the HKL suite [13]. Crystallographic
data are listed in Table 1.
The positions of the selenium atoms in the asymmetric unit were de-
tected from the peak data set of the selenomethionine-labeled protein
using SHELXD [14] and reﬁned using SHARP [15]. The derived
phases (SHARP) were improved by standard solvent ﬂattening and
molecular averaging procedures [16]. The resulting electron density
map at 2.5 A˚ resolution was of suﬃcient qualitiy to build about 50%
of the model automatically using MAID [17] and the remaining resi-
dues manually using O [18]. The obtained model was reﬁned within
CNS [19] (Table 1). Model errors were assessed with CNS. The coor-
dinates of the putative sulfate ABC-ATPase of A. acidocaldarius have
been deposited at the RCSB as entry 1Z47.3. Results
3.1. Structure determination and description
Since molecular replacement trials with various ABC-ATP-
ases as models failed, the structure of CysA was determined
with the multiple anomalous dispersion method (Table 1).
During structure determination, we recognized that one mole-
cule (CysA-1) in the asymmetric unit is being well deﬁned while
the other (CysA-2) is fairly ﬂexible. The average temperature
factors of CysA-1 and CysA-2 are 33 and 49 A˚2, respectively.
In particular, the distal b-sandwich of the regulatory domain
and the antiparallel b-sheet of the catalytic subdomain are
highly disordered which might explain the relatively high Rfree
value.
CysA is composed of the nucleotide-binding domain that is
subdivided into a catalytic and a helical subdomain [20] and of
a regulatory domain [8] (Fig. 1(a)). The fold of the nucleotide-
binding domain essentially corresponds to that of other ABC-
ATPases [2]. According to O [18] the rms deviation between
the individual catalytic and helical subdomains of CysA and
those of the most related structurally known ABC-ATPases
ranges from 1.0 to 1.5 A˚. While the conformation of the
Walker A site and the ABC signature motif are highly con-
served between CysA-1, CysA-2 and other ABC- ATPases,
substantial diﬀerences were observed in the Q-loop, the Walker
B site and the D-loop. These segments are highly disordered in
CysA-2 and might be rigidiﬁed upon ATP binding by an in-
duced-ﬁt process. Nucleotide-binding and regulatory domains
are connected by a linker segment (residues 229–248) that con-
sists of two helices being oriented perpendicularly relative to
each other (Fig. 2). The regulatory domain of CysA is built
Fig. 2. Structural variability of the regulatory domains of CysA-1 (light-blue), CysA-2 (blue), MalKtli (yellow) and GlcV (pink). The regulatory
domains undergo diﬀerent conformational changes relative to the catalytic domain; however, the rotation axis and the direction of translation are
conserved. The rotation axis passes perpendicular through helix L2 and the translation occurs parallel to the rotation axis.
Table 1
Data statistics
NativeCysA Se-MetCysA
Peak Inﬂection Remote
Resolution (A˚) 1.9 (1.97–1.9) 2.5 2.5 2.5
Space group C2 C2 C2 C2
Cell axis (A˚, ) 154.8, 56.3 154.5, 56.1 154.3, 56.0 154.5, 56.1
91.6, 91.7 91.7, 91.6 91.6, 91.5 91.7, 91.4
Mon. asymm. unit 2 2 2 2
Redundancy 3.6 (2.3) 3.4 2.4 2.2
I/sigI 20.1(5.1) 17.9 22.2 18.0
Rsym (%) 4.8 (15.1) 5.6 3.9 4.3
Completeness (%) 92.8 (69.1) 98.9 98.7 97.5
R (%) 22.5 (29.1) 23.0
Rfree (%) 27.7 (31.1) 29.0
Rms bond length (A˚) 0.007 0.007
Rms bond angle () 1.5 1.23
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that form a common hydrophobic core. The sandwich that
contacts the linker segment is named proximal b-sandwich,
the remote one distal b-sandwich. Each sandwich consists of
a three-stranded antiparallel b-sheet packed against a perpen-
dicularly oriented two-stranded antiparallel b-sheet. However,
the connectivities of the strands are completely diﬀerent in the
two sandwiches. Despite insigniﬁcant sequence identity the
fold of the regulatory domains from CysA, GlcV, Malktli
(Thermococcus litoralis maltose ABC-ATPase) and MalKeco
(E. coli maltose ABC-ATPase) are higly related (Fig. 2), their
rms deviations being around 2.0 A˚.
3.2. Monomer–monomer interactions
Structural studies on the complete BtuCD transporter [4],
Rad50 [21], the MJ1267 ABC-ATPase [22], and MalKeco [23]
clearly indicate that the physiological dimer contact is built
up between the catalytic subdomain of one monomer and the
helical subdomain of the other. The dimer was found either
in a closed ATP bound form or in an open, nucleotide free or
ADP bound form. Most recently, an ATP-bound but open
form was also observed [24]. Based on these informations we
found the physiological relevant dimer arrangement between
two crystallographically related CysA-2 molecules (Fig. 1(b)).
The conformation of the CysA-2 dimer can be classiﬁed be-
tween the open and the semi-closed state of MalKeco. More pre-cisely, the CysA-2 dimer is 23 more closed than the open state
of MalKeco but 25 and 36, respectively, more open than the
semi-closed and closed states of MalKeco [23].
The CysA-2 dimer interface in the open state is predomi-
nantly constituted of segments from the regulatory domain
that contacts the regulatory domain and the catalytic subdo-
main of the adjacent subunit. The key function of the regula-
tory domain in dimer formation is surprising as this domain
is only found in some subfamilies of ABC transporters
[2,10]. A comparison of the contact regions between CysA-2
and MalKeco indicates a highly similar size and proﬁle of the
interface despite a negligible conservation of the participating
residues. The interface is essentially formed by unspeciﬁc van
der Waals interactions except for two non-conserved salt
bridges (Glu235–Arg334 and Glu231–His335) in CysA-2.
The interface area of 1550 A˚2 between two CysA-2 molecules
corresponds to 9% of the entire surface area which is larger
than that found in an average crystal packing contact [25].
However, the contact area is too small to deﬁnitively consider
it as biologically relevant without taking into account the
available structural informations from related ABC-ATPases.
Size-exclusion chromatography of MalKtli [26] and GlcV [27]
revealed a monomeric oligomerization state [26,27] indicating
a low binding aﬃnity between the subunits that can be com-
pensated by crystal packing forces as seen, for example, for
CysA-1.
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Rearrangements between the catalytic and the helical subdo-
main were found when comparing ABC-ATPases and are
probably the prerequisite for propagating conformational
alterations upon ATP hydrolysis to the membrane-spanning
subunits. The structure of CysA conﬁrms this conformational
variability as the orientation between the helical subdomains
of CysA-1 and CysA-2 diﬀers by 12 related to a ﬁxed catalytic
subdomain. Compared to the conformational states ofMalKeco
both CysA-1 and CysA-2 can be grouped between the open
and semi-open state, the CysA-1 state being more close to
the open state of MalKeco.
Conformational variability was also observed between the
nucleotide-binding and the regulatory domains. When super-
imposing the catalytic subdomain of CysA-1 with that of
CysA-2 the regulatory domains are rotated 15.4 relative to
each other (Fig. 2). Comparable long-range conformational
changes were also found between CysA-2 and MalKtli and be-
tween CysA-2 and GlcV (Fig. 2). The largest displacement be-
tween CysA-1 and CysA-2 of 12 A˚ is located at the edge of the
distal b-sandwich. Due to this large conformational change the
dimer interface between the regulatory domains in the confor-
mation of CysA-1 would be abolished and the distal b-sand-
wich would severely interfere with helices a6 (206–212), helix
a7 (178–194) and helix L1 (Fig. 1(b)). A closed state of the
ATPase dimer in the conformation of CysA-1 is therefore pre-
vented. Interestingly, the regulatory domain of GlcV would
only slightly interfere with the partner subunit and that of
MalKtli not at all.
Although the extent of the conformational movements is dif-
ferent between the prolonged ABC-ATPases, the hinge region
at helix L2, the rotation axis and the translation direction are
highly preserved. Accordingly, the residues constituting the
contact area between helix L2 and the regulatory domain are
conserved as ﬁrst recognized by Bo¨hm et al. [28] for MalKeco
and MalKtli. The two signature sequences –VAxFIG– and –
I/VRP– [29] emphasize the importance of this region (Fig. 3).Fig. 3. Sequence alignment of CysA, GlcV, MalKeco, MalKtli and MalK
regulatory domains. The signature sequences found for ABC-ATPases of thHelix L2 and the b-sheet of the proximal b-sandwich are
strongly associated mainly by a hydrophobic patch (Leu240,
Ala243, Val251, Val283, Phe351 and Phe353) and by the
invariant Arg285 (Figs. 2 and 3). Arg285 is hydrogen bonded
to the carbonyl oxygens of Ile246 and Tyr234 whose side chain
forms amino-aromatic interactions to the guanidinium ring.
Additionally, the Arg285 side chain contacts the conserved res-
idues Pro237 and Phe353, the latter via Phe351. These interac-
tions ensure that the regulatory domain cannot move
arbitrarily. An essential residue for triggering a hinge move-
ment appears to be the invariant Gly247 (Figs. 2 and 3) at
the end of this helix L2 that drastically changes its dihedral an-
gle resulting in a shortening of helix L2 of CysA-1 by two res-
idues compared to CysA-2 thereby substantially aﬀecting the
conformation of the loop following helix L2, the direction of
the following strand and concomitantly the relative orientation
of the entire regulatory domain.4. Discussion
CysA was found as a functional dimer in an open conforma-
tion where the helical subdomain is sequestered to avoid con-
tact with the partner monomer (Fig. 1). The open
conformation in the absence of bound ATP is in agreement
with previous observations in MalKeco [23] and BtuD [4]. Per-
haps, a closed state without ATP bound is energetically unfa-
vorable as the positively charged interfaces of the opposing
monomers would repel each other.
Members of the CUT1 and MOI subfamilies of ABC import
systems share a regulatory domain of their ABC-ATPases
[7,8,28]. In case of the maltose ABC transporter of E. coli
and Salmonella typhimurium experimental evidence exists that
this C-terminal extension of MalK is involved in regulatory
processes [28,30,31] by providing the major binding sites for
the transcriptional regulator protein, MalT, and for the EIIA
component of the glucose phosphotransferase system in thepho (Pyrococcus horikoshii) restricted to the linker segment and the
e CUT1 and MOI subfamilies are marked by boxes.
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these interactions is largely unknown and the MalKeco struc-
ture does not provide any clue on how binding of these pro-
teins is signaled to the catalytic subdomain. This is due to
the observation that no signiﬁcant movement of the regulatory
domains occurs upon ATP binding or inhibition of ATPase
activity by EIIA [23,31]. The structural data presented here
indicate that the orientation of the regulatory relative to the
nucleotide-binding domain varies drastically between diﬀerent
proteins (or between diﬀerent monomers in the asymmetric
unit of the same protein), although the location of the hinge,
the interface between the hinge helix L2 and the regulatory do-
main and consequently, the direction of the movements are
well conserved (Fig. 2). In the case of CysA the regulatory do-
main in the CysA-1 conformation would push aside the nucle-
otide-binding domain of the opposing monomer and thus
disrupt substrate translocation. A conformational change of
the regulatory domain would also be compatible with the ob-
served low aﬃnity between the dimer subunits [26,27]. There-
fore, regulation might be accomplished by functionally
unfavorable displacements of the regulatory domain upon
binding of a regulator protein. This hypothesis certainly con-
tradicts the above-mentioned results concerning EIIA inhibi-
tion of MalK [31,32]. However, it should be noted that EIIA
acts only on the complete maltose ABC transporter [33] and
thus, conformational changes of MalK might diﬀer when
assembled with the membrane integral subunits. Nonetheless,
and despite the current lack of evidence for regulatory func-
tions of CysA or GlcV in their respective organisms, the simi-
lar folds of MalK, GlcV, and CysA give rise to the speculation
that the regulatory domain might generally function as a signal
transduction module.
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